Osteocalcin, a 49-amino acid, gcarboxyglutamic acid-containing protein produced by the osteoblast, has been shown in laboratory animals to be a better marker of bone turnover than alkaline phosphatase. To determine serum osteocalcin levels in growing pigs, we isolated pure porcine osteocalcin and developed a double-antibody RIA. To evaluate the effects of dietary Ca and P levels on serum osteocalcin, 36 individually penned crossbred pigs (19.5 kg initial BW) were fed fortified corn-soybean meal diets (.95% lysine) containing four levels of Ca (.42, .66, .90, 1.14%) and P (.35, .55, .75, .95%) in a 30-d test.
Introduction
Bone traits (e.g., breaking strength, ash concentration) are commonly used as measures of assessing the Ca and P requirements of pigs. The determination of these traits requires killing animals for the collection of bones. Studies conducted to assess the Ca and P requirements of small pigs can result in financial loss. Thus, a non-invasive method that could accurately predict bone mineralization in swine would be a valuable tool. Serum Ca or P has limited value as an indicator of Ca and P status or bone mineralization in swine (Koch and Mahan, 1986) . Serum alkaline phosphatase is correlated with bone strength in growing pigs (Boyd et al., 1983) but not in finishing pigs (Koch and Mahan, 1986) .
Osteocalcin ( OC) , a g-carboxyglutamic acid-containing protein in bone, has been used extensively in laboratory animals and humans to monitor bone metabolism, as reviewed by Price (1985) , Lian and Gundberg (1988) , and Hauschka et al. (1989) . Osteocalcin is a small protein produced by the osteoblast (Beresford et al., 1984; Bronkers et al., 1985) , thus it provides a measure of osteoblast activity. Also, OC has been found to be correlated with the rate of bone formation and(or) bone turnover (Lian and Gundberg, 1988) . Radioimmunoassays for the measurement of serum OC concentrations have been described for various species, including the bovine (Price and Nishimoto, 1980) , ovine (Pastoureau et al., 1991) , and equine (Hope et al., 1993) . However, to our knowledge, circulatory levels of OC have not been determined in the growing pig.
Therefore, the objectives of this study were 1 ) to develop and validate a RIA for the measurement of OC in pig serum, 2 ) to determine the relationship of serum OC concentration to dietary Ca and P levels and end-measures of bone mineralization, and 3 ) to compare the efficacy of serum concentrations of OC to that of serum concentrations of Ca, P, and alkaline phosphatase as non-invasive measures of bone mineralization in pigs fed varying levels of dietary Ca and P.
Experimental Procedures
Experimental Animals and Diets. Thirty-six Hamp- shire-Yorkshire pigs, initially averaging 19.5 ± 1.3 kg BW, were blocked by weight within sex and randomly allotted to four treatments. There were six replications of gilts and three replications of barrows. The pigs were individually penned in an environmentally controlled building (average low and high temperatures of 20 and 31°C, respectively) in elevated pens (.6 m × 1.2 m ) with expanded metal floors. They were allowed to consume feed from stainless steel selffeeders and water from nipple waterers on an ad libitum basis. The pigs and feeders were weighed at 10-d intervals for the determination of daily weight gain, daily feed intake, and feed:gain ratio.
Treatment 1 consisted of a corn-soybean meal diet calculated to contain .95% lysine, .42% Ca, and .35% P (Table 1) . This diet was calculated to be deficient in Ca and P for the 20-to 50-kg pig (NRC, 1988) . For Treatments 2, 3, and 4, the dietary Ca was increased to .66, .90, and 1.14%, and P was increased to .55, .75, and .95%, respectively. The Ca:P ratio was constant (1.2:1) in all diets. The available P was calculated at .08, .29, .49, and .69%, respectively, for the four diets. Feed-grade monodicalcium phosphate and ground calcitic limestone were used to adjust the dietary levels of Ca and P. All diets were fortified with salt, trace minerals, and vitamins to meet or exceed NRC (1988) standards. Supplemental fat was added to Diets 2, 3, and 4 to make all diets isocaloric (3,352 kcal of ME/kg). Each diet was fed to nine pigs for a 30-d experimental period. The average final weight of the pigs was 39.7 kg.
At the end of the experiment, all pigs were humanely killed (electrically stunned followed by exsanguination) and the front and rear feet and both femurs were collected and stored at −20°C.
Diet Analysis. The diets were analyzed for CP, Ca, and P. The CP concentrations were determined by a combustion method using a N analyzer (Foss Heraeus, UIC Inc., Joliet, IL). After the diets were dryashed, P was determined using a gravimetric procedure (AOAC, 1984) and Ca was determined by atomic absorption spectrophotometry (model 511, Thermo Jarrell Ash, Franklin, MA).
Bone Measurements. The front and rear feet from each pig were thawed at room temperature and then were placed in an autoclave at 120°C for approximately 7 min. After autoclaving, the third and fourth metacarpals and metatarsals were removed, cleaned of extraneous tissue, and weighed.
Breaking strength, following thawing of the frozen bones, was determined with an Instron testing machine (model TM, Instron, Canton, MA), according to methods described by Cromwell et al. (1972) . Breaking strength is defined as the amount of force (in kilograms) that is required to break the bone when it is held in a horizontal position. The bones were broken by a wedge lowered on the center of the bone at a speed of 5 cm/min. The bones were held by two supports spaced 3.2 cm apart for the metacarpals and metatarsals. The force was measured by a pressure-sensitive cell, and peaks of maximum strength were recorded on chart paper.
Following breaking strength analysis, the ash concentration of the fourth metacarpal was determined. The bone was dried in a forced-air convection oven at 100°C, extracted with petroleum ether to remove the fat, and ashed in a muffle furnace at 600°C for 48 h. The concentration of ash is expressed as a percentage of the dry, fat-free bone.
The femurs from each pig were thawed, then cleaned of extraneous tissue using an electric, circular knife (Wizard model UN-84, Bettcher Industries, Birmingham, OH). The femurs were then weighed and the outside diameter of the femur was measured at the midshaft by averaging two measurements taken 90°to one another using a caliper. Breaking strength of the femurs was determined as previously described for the metacarpals and metatarsals, except that the supports were spaced 8.5 cm apart. The marrow was then removed from each femur and the wall thickness of the femurs was measured at the midshaft by averaging four measurements taken 90°to each other. The ash content of the diaphysis of the femurs was determined as previously described for the metacarpals.
Serum Analysis. After overnight feed deprivation, all pigs were bled by jugular venipuncture on d 0, 10, 20, and 30. Blood was allowed to clot at room temperature for approximately 15 min and then placed on ice. Blood samples were centrifuged at 1,352 × g at 4°C for 15 min. Following centrifugation of the blood, the serum was separated and stored at −80°C.
Serum Ca, P, and alkaline phosphatase were determined using colorimetric procedures (no. 588, (Reinhardt et al., 1984) .
Determination of Serum Osteocalcin
A specific RIA for porcine OC was developed using homogeneously pure osteocalcin isolated from the bone of a 50-kg pig and a polyclonal antiserum (no. 61-21690) raised in rabbits against dog OC as described by Fanti et al. (1993) .
Isolation of Pig Osteocalcin. The isolation of porcine OC followed the procedures described by for the isolation of dog OC. Briefly, the diaphysis of a femur from a 50-kg pig was cleaned of all extraneous tissue and washed twice with cold acetone. The diaphysis was allowed to dry at room temperature and then frozen in liquid N 2 . After freezing, the bone was ground with a Wiley Mill (model no. 3, Arthur H. Thomas Co., Philadelphia, PA) equipped with a 5-mm screen.
Bone chips were washed four times with 250 mL of 20 mM Tris-HCl buffer (pH 8.0) and two times with 500 mL of cold water. Each solution contained 30 mM each of p-hydroxymercuribenzoic and phenylmethylsulfonylflouride and 1 mM each of benzamidine and 6-aminocaproic acid. After washing, the pellet was collected by centrifugation at 1,500 × g for 15 min. The pellet was frozen and lyophilized. The freeze-dried pellet was demineralized at 4°C by gentle stirring for 4 h with 20% formic acid containing 30 mM each of phydroxymercuribenzoic and phenylmethylsulfonylflouride. This solution was then made 1% in triflouroacetic acid and was spun at 40,000 × g for 60 min. The supernatant was collected and subjected to solid-phase extraction on Sep-Pak C 18 cartridges (no. 51910, Waters Associates, Milford, MA), Sephadex G-50 (Pharmacia, Piscataway, NJ) gel filtration chromatography, and ion exchange fast protein liquid chromatography (model 650 FPLC, Waters Associates, Milford, MA) as described by Colombo et al. (1993) . The amount of protein recovered at each step of the isolation was determined by UV absorption at 280, 260, and 220 nm using a spectrophotometer (DU-7 UV/VIS, Beckman, Fullerton, CA).
Amino acid analysis (after 6 N HCl liquid phase hydrolysis) and sequence determination were performed at the University of Kentucky Macromolecular Structure Analysis Facility as described by , with one exception: for the Edman degradation of porcine OC, the intact protein was reduced and vinylpyridylethylated directly on the glass fiber filter sequencing support as described by Kruft et al. (1991) .
Radioimmunoassay. The assay was developed as a double-antibody, equilibrium RIA and performed in duplicate as described by Fanti et al. (1993) . Porcine OC standards, ranging in concentration from .078 to 40 ng/mL of porcine OC, were prepared in RIA buffer (10 mM phosphate, pH 7.4, 124 mM NaCl, 25 mM disodium EDTA, .1% BSA, .1% Tween, .02% NaN 3 ) from a stock of homogeneously pure protein ( 1 mg/mL, optical density= .995), the concentration of which had been determined by UV absorptiometry and by amino acid analysis. The tracer was prepared by labeling 5 mg of porcine OC with 1 mCi of 125 I by the lactoperoxidase method (Marchalonis, 1969) . The iodinated protein was purified by gel filtration on a Sephadex G-50 column (.8 × 15 cm) equilibrated with RIA buffer and by batch adsorption to DNA-grade hydroxylapatite (BIO-GEL HTP, BioRad, Richmond, CA) as described by Price et al. (1979) .
In the assay, borosilicate tubes received in order of addition: 100 mL of standard (from 0 to 40 ng/mL) or of serum samples (unknowns), 100 mL of 125 I-labeled porcine OC (tracer, 20,000 cpm/tube), 100 mL of 1.5% normal rabbit serum, 100 mL of antiserum no. 61-21690 (final dilution of 1:2,500), and 200 mL of RIA buffer. To measure nonspecific binding, duplicate tubes received 100 mL of 125 I-labeled porcine OC, 200 mL of 1.5% normal rabbit serum, and 300 mL of RIA buffer. After a 24-h incubation at 4°C, the rabbit antiserum was precipitated by the addition to each tube of 1 mL of 2% donkey antiserum to rabbit IgG (lot no. 04810, PelFreez Biologicals, Rogers, AZ) in precipitation buffer (.1 M phosphate, pH 7.4, 2.5% polyethylene glycol, and .02% NaN 3 ) , followed by incubation for 2 h at 4°C and centrifugation at 1,000 × g for 15 min. The pellets were washed once with cold distilled water and radioactivity counted on a gamma-radiation counter (LKB Gamma-Counter, Wallac, Finland). Serum OC concentrations were determined for each pig on d 0, 10, 20, and 30.
Validation of the RIA. To evaluate the specificity of the assay at detecting porcine OC in serum, pig serum was serially diluted in RIA buffer to give concentrations ranging from 1:10 to 1:100. The dilutions of pig serum were used to determine the linearity of displacement of the 125 I-labeled porcine OC from the ligand-antibody complex. To test the accuracy of the assay at detecting porcine OC, 5.07 ng of purified porcine OC was added to serially diluted pig serum samples and the recovery of the added porcine OC was determined.
Statistics
The performance and bone data were analyzed as a randomized complete block design by variance procedures (Steel and Torrie, 1980) using the GLM procedure of SAS (1988) . The model included the effects of block, treatment, and block × treatment (error). The serum constituents were analyzed as a randomized complete block design with repeated measures. The model included the effects of block, treatment, block × treatment (Error A), day, day × treatment, and the residual error (Error B). Block and treatment effects were tested using block × treatment (Error A ) as the error term. The effect of day and the day × treatment interaction were tested using the residual error term (Error B). Treatment effects also were tested independently within day for the serum metabolites. The effects of dietary Ca and P level were partitioned into linear and curvilinear components using orthogonal polynomial contrasts. In addition, simple linear correlation coefficients were generated for selected traits using the CORR procedure of SAS (1988) . The individually penned pig was considered the experimental unit.
Results
Analysis of Diets. Diets 1, 2, 3, and 4 contained 16.3, 16.2, 16.2, and 16.1% CP, respectively (Table 1) . The Ca concentrations of Diets 1 to 4 were .44, .66, .88, and 1.07% and the P concentrations were .40, .60, .82, 1.06%, respectively. The CP and Ca concentrations were close to the targeted levels. The P concentrations were slightly higher than targeted levels, particularly in the higher P diets.
Isolation of Pig Osteocalcin. The isolated protein was determined to be homogeneously pure by SDS-PAGE, reverse-phase HPLC, amino acid analysis, and sequence determination. Automated sequence analysis of the intact, reduced, alkylated protein was conducted through 50 cycles of Edman degradation. Tyrosine was identified as the unique N-terminal amino acid; hydroxyproline was identified at cycle nine and pyridylethyl-cysteine was identified at cycles 23 and 29. No amino acid was detected at cycles 17, 21, and 24, indicating that, in porcine OC, these three glutamic acid residues are fully carboxylated. Other amino acid residues could be unambiguously identified through cycle 44. These sequence data and the amino acid composition clearly showed that the primary sequence of our isolated porcine OC is identical to that previously reported by Huq et al. (1984) .
Development of the RIA. In preliminary experiments, dilutions of pig serum, ranging from 1:1 to 1: 64, and purified dog OC displaced with similar efficiency 125 I-labeled dog OC from the antiserum. These data indicated that the rabbit antidog OC antiserum showed excellent crossreactivity with porcine OC and could be used to develop a RIA for porcine OC. Figure 1 shows the displacement curve generated with porcine OC standards (from .078 to 40 ng/mL of porcine OC) and porcine OC tracer using the rabbit antidog antiserum. Serial dilutions of pig serum (1:10 to 1:100) yielded a progressive decrease in the percentage of radiolabeled tracer displaced. The displacement curve was linear ( r 2 = .993) for dilutions ranging from 1:50 to 1: 100 (Figure 2 ). The concentration of porcine OC in dilutions of pig serum, ranging from 1:50 to 1:100, was similar when corrected for the dilution factor (130 ± 10 ng/mL). Also, the displacement curve for the serum dilutions from 1:50 to 1:100 was parallel to that of the porcine OC standard curve (Figure 1) .
Nonspecific effects of pig serum components on the RIA were ruled out by assessing the ability of the assay to accurately measure the concentrations of a known amount of pure porcine OC added to serially diluted pig serum. Table 2 shows that the percentage of added OC recovered ranged from 94 to 120%. The dilution of 1:50 yielded a recovery of 100% and fell within the middle of the standard curve, so it was chosen as the dilution at which all serum samples would subsequently be assayed.
The sensitivity of the assay was .313 ng/mL of porcine OC. Nonspecific binding was less than 3% in all assays. Intraassay and interassay CV averaged 5.51 and 8.74, respectively, across eight separate assays, measured using the same pool of pig serum in all assays.
Performance, Bone, and Serum Metabolites. Increasing the dietary Ca and P levels improved daily gain (quadratic, P < .02), but it did not affect daily feed intake or the efficiency of feed utilization (Table 3) . The daily intake of Ca and P increased linearly ( P < .01) with increasing dietary Ca and P.
Most of the metatarsal, metacarpal (Table 4) , and femur (Table 5 ) characteristics (breaking strength, weight, dimensions, ash percentage) increased in a Figure 2. Measurement of porcine OC in serially diluted pig serum samples (r 2 = .993 for dilutions 1:50 to 1:100).
curvilinear fashion as the levels of Ca and P were increased in the diet. All of the bone traits reached a plateau at the .90% Ca, .75% P level, or there was a very slight numerical increase (all traits except percentage of water) when the highest levels of Ca and P (1.14 and .95%, respectively) were fed. Quadratic responses ( P < .01 to P < .07) to increasing dietary Ca and P levels occurred for all of these traits except for weight (linear, P < .04), diaphysis weight (linear, P < .01), wall thickness (linear, P < .01), and diameter (cubic, P < .04) of the femur. The only measurement that decreased with increasing dietary Ca and P levels was the percentage of water in the femur diaphysis and the metacarpal.
The serum metabolite concentrations were not different among treatments at the beginning of the experiment (Table 6 ). Increasing the dietary Ca and P levels were associated with parallel linear decreases ( P < .01) in the serum concentrations of 1,25-(OH) 2 D 3 and OC on d 30. By d 10, serum OC concentrations had decreased ( P < .02) as the dietary Ca and P levels increased. This trend was further accentuated as the experiment progressed, and by d 30, a highly significant linear decrease ( P < .0001) in serum OC was noted as the dietary Ca and P concentrations increased. Additionally, in pigs fed the lowest level of Ca and P, serum OC concentration increased as the experiment progressed (day effect, P < .01), whereas, in pigs fed the two highest dietary Ca and P levels, OC remained at pretreatment levels (treatment × day, P < .01).
Serum Ca and P on d 30 responded quadratically ( P < .04) to increasing dietary Ca and P concentrations, but serum creatinine was not affected. Serum alkaline phosphatase concentrations on d 10, 20, or 30 also were not influenced by the Ca and P levels in the diet.
Discussion
Osteocalcin is the best characterized non-collagenous bone protein. It is composed of 49 to 50 amino acid residues, and within the molecule, three residues of the vitamin K-dependent amino acid gcarboxyglutamic acid are present (Lian and Gundberg, 1988) . Osteocalcin is produced by the osteoblast (Beresford et al., 1984; Bronkers et al., 1985) and has been detected in the calcified tissues of many species (Hauschka et al., 1989) . The OC content of bovine bone is typically 1 to 3 mg/g of dry unmineralized tissue (Hauschka et al., 1975; Price et al., 1976) , ranking it as one of the 10 most abundant proteins in the body (Price, 1985) .
In addition to the OC found in bone, OC is also found in serum or plasma. Serum OC arises from newly synthesized OC that does not bind to the mineral phase of bone but is released directly into the circulation (Price and Nishimoto, 1980; Price et al., 1981b) . Several studies indicate that serum OC is derived from new synthesis rather than from the degradation of bone; thus, it provides a measure of osteoblast activity (Price et al., 1981b; Lian et al., 1985; Gerstenfeld et al., 1987) .
Radioimmunoassays have been developed to determine plasma or serum OC concentrations in most livestock species, including the bovine (Price and Nishimoto, 1980) , ovine (Pastoureau et al., 1991) , and equine (Hope et al., 1993) . However, prior to this research, a RIA had not been developed to measure circulatory levels of OC in the pig. Therefore, the aim of this study was to develop and validate a RIA to measure OC in the serum of pigs. Additionally, we were interested in determining the value of OC as a predictor of end-measures of bone mineralization in pigs.
Porcine OC was first isolated by Huq et al. (1984) . Porcine OC consists of 49 amino acids and contains three g-carboxyglutamate residues at positions 17, 21, and 24 (Huq et al., 1984) . The amino acid analysis and sequence determination confirmed that the OC we isolated from the pig contained 49 amino acids and the amino acid sequence was identical to that of porcine OC isolated by Huq et al. (1984) .
The antiserum chosen for the development of the RIA was a rabbit antidog OC antiserum that crossreacts with human OC but not with the OC from rodents . Figure 1 shows that this antiserum crossreacts well with porcine OC, and it generates an excellent standard curve. Additionally, tests of parallelism and recovery demonstrate that this antiserum is reliable at detecting the concentrations of OC in pig serum (Figures 1 and 2 ; Table 2 ).
In the present study, serum OC concentration decreased as the Ca and P levels of the diet increased. Similar responses have been noted in rats. Thomas et al. (1991) observed that rats fed a diet low in Ca (.10%) had higher serum concentrations of OC than rats fed a diet containing .50% Ca. Additionally, Lian et al. (1987) found that rats maintained on a Ca-or P-deficient diet had higher serum concentrations of OC than rats fed a diet containing adequate levels of Ca and P. Also, these authors showed that the increase in serum OC was more pronounced in rats consuming a diet deficient in Ca compared with rats consuming a diet deficient in P. Conversely, Scott et al. (1994) observed that lambs fed a diet deficient in P had higher serum Ca and lower plasma OC levels than lambs fed a diet adequate in P. Gundberg et al. (1991) found that serum OC concentrations were inversely related to serum Ca concentrations in humans, such that during induced hypocalcemia, serum OC concentrations rose. These authors speculated that OC concentration may be regulated by serum Ca concentration.
In the present study, dietary Ca and P had little effect on serum concentrations of Ca and P. However, blood samples were drawn in the fasting state. It is likely that higher dietary Ca and P levels resulted in a transient post-prandial increase in serum Ca and P which would agree with the inverse relationship between serum Ca and OC as noted by Gundberg et al. (1991) .
The effect of dietary Ca and P concentration on serum OC concentrations may have been related to the regulation of OC production by 1,25-(OH) 2 D 3 . In in vitro studies, OC production is stimulated by 1,25-(OH) 2 D 3 (Price and Bakoul, 1980; Beresford et al., 1984; Lian et al., 1985) , and in animal models, increases in 1,25-(OH) 2 D 3 are paralleled by increases in OC (Price and Bakoul, 1981; Lian et al., 1987) . Serum 1,25-(OH) 2 D 3 levels in pigs are known to be influenced by dietary Ca and P (Engstrom et al., 1985; Fox and Ross, 1985) , with 1,25-(OH) 2 D 3 increasing as Ca and P intake decreased. In the present study, increasing the Ca and P in the diets resulted in a decrease in both 1,25-(OH) 2 D 3 levels and OC concentrations. In support, Lian et al. (1987) observed that rats fed a diet deficient in vitamin D had reduced levels of OC compared with rats receiving a diet adequate in vitamin D. Price et al. (1981a) compared the response of serum OC in rats maintained on a Ca-and vitamin D-deficient diet to that of rats fed a diet deficient in Ca alone. They found that rats receiving the Ca-and vitamin D-deficient diet had reduced serum concentrations of 1,25-(OH) 2 D 3 and OC, but rats maintained on a Ca-deficient diet had elevated serum 1,25-(OH) 2 D 3 and serum OC, suggesting that vitamin D was necessary for the elevation of serum OC. Furthermore, in a recent report from our laboratory (Carter et al., 1994) , we compared serum OC concentrations in pigs injected with porcine somatotropin ( 4 mg/d), a known stimulator of 1,25-(OH) 2 D 3 synthesis (Goff et al., 1990; Denis et al., 1994) , to concentrations in control pigs. In that study, 1,25-(OH) 2 D 3 concentrations were elevated in pigs treated with porcine somatotropin compared with non-treated pigs, and OC concentrations paralleled changes in 1,25-(OH) 2 D 3 levels. Therefore, changes in serum OC concentrations induced by dietary Ca and P content in the present study were probably secondary to changes in serum 1,25-(OH) 2 D 3 .
Pig growth rate and most of the bone traits in this study responded to increased dietary Ca and P levels. Average daily gain tended to reach a plateau at .66% Ca and .55% P, suggesting that the NRC (1988) standards for Ca and P (.60% Ca and .50% P ) for 20-to 50-kg pigs are adequate to maximize growth performance. On the other hand, dietary levels of .90% Ca and .75% P were necessary to maximize bone traits, which is in agreement with the studies of Cromwell et al. (1970) and Maxson and Mahan (1983) , who found that the dietary levels of Ca and P necessary to maximize bone strength were greater than the levels required to maximize performance. At the present time, the best measures of assessing the dietary Ca and P status in pigs are skeletal measurements (e.g., bone breaking strength, bone ash), which require killing the pigs for the collection of bones. Non-invasive indicators of bone metabolism (serum Ca, P, and alkaline phosphatase) in swine have met with limited success. Determination of serum Ca or P levels are not considered good markers of dietary Ca and P levels in pigs as shown by Koch and Mahan, (1986) . Serum alkaline phosphatase is correlated with bone strength in young pigs fed diets deficient in P (Boyd et al., 1983) , but not in finishing pigs (Koch and Mahan, 1986) . In the present study, serum Ca, P, or alkaline phosphatase were not correlated with end-measures of bone mineralization on d 30 (Table 7) . However, serum OC was negatively correlated with most bone traits on d 30, with a highly significant inverse relationship between serum OC and femur breaking strength and ash ( P < .001). Moreover, serum OC concentrations paralleled changes in 1,25-(OH) 2 D 3 ( r = .60, P < .001). Also, serum OC was negatively correlated with dietary Ca and P intake ( r = −.65, P < .001), most likely as a result of changes in 1,25-(OH) 2 D 3 associated with Ca and P intake. Although the aim of the present study was not to determine the function of OC, the question remains as to the physiological role of OC in bone metabolism. Increasing evidence suggests that one important function of OC is the regulation of osteoclast recruitment and(or) differentiation (Lian et al., 1984; Glowacki and Lian, 1987; Glowacki et al., 1991; Colombo et al., 1994) , thus contributing to the functional coupling between osteoblasts and osteoclasts and to the regulation of bone turnover. We have shown in this research with growing pigs that low Ca and P intake is associated with elevated serum OC, increased 1,25-(OH) 2 D 3 , and reduced bone mineralization. It is tempting to speculate that in these growing animals the elevation of 1,25-(OH) 2 D 3 increased the expression of OC by the osteoblast and the concentration of OC in the bone micro-environment. This, in turn, may have contributed to osteoclast recruitment, to increased bone resorption with the release of Ca and P and, ultimately, to the maintenance of the circulatory levels of these two minerals.
This mechanistic hypothesis is consistent with the notion that serum OC is a predictor of bone turnover, and it does not contradict the observations that OC best reflects the rate of bone formation (Brown et al., 1984; Malluche et al., 1984; Sebert et al., 1987) , because bone formation and bone resorption are ultimately coupled into bone turnover. 
Implications
This research describes the development and validation of a radioimmunoassay to measure serum levels of porcine osteocalcin. Serum osteocalcin and 1,25-dihydroxyvitamin D 3 concentrations were negatively correlated with end-measures of bone mineralization in pigs fed varying dietary calcium and phosphorus concentrations. These results suggest that serum osteocalcin and 1,25-dihydroxyvitamin D 3 concentrations are better predictors of end-measures of bone mineralization in pigs than serum alkaline phosphatase and, thus, they have potential as predictors of bone turnover in pigs under the experimental conditions employed. Further research is warranted to fully understand and interpret the relationship between osteocalcin and end-measures of bone mineralization in pigs under various production scenarios.
